Introduction
Muscle function is central to the body's ability to carry out activities of daily living, perform exercise and regulate basic metabolism, including insulin control 1 . Further, changes in muscle function represent key indicators of physical development 2 and musculoskeletal health across the lifespan. Conversely, diminished muscle mass, strength or power may be a marker of increased frailty 3 or increased risk of chronic disease 1 . Importantly, skeletal muscle development is tightly coupled with bone accrual during childhood and adolescence, as muscle contractions create the largest voluntary loads on bone 4, 5 . Thus, assessment of muscle function is central to understanding the important muscle-bone relationship in health and disease.
There are a wide range of methods that assess muscle function. These include hand-held dynamometry, isokinetic dynamometry and field test batteries 6 . However, many of these methods, including the most frequently used isometric muscle test (grip strength), do not adequately describe muscle force and power in movements common to activities of daily living 7, 8 . Currently, dynamic muscle function is often assessed in children using jumping mechanography. Jumping mechanography assesses ground reaction forces related to the jump and provides outputs such as relative maximum forces, velocity, power and jump height. Specific to our study, a portable ground reaction force plate provides a valid and reliable quantitative measure of muscle force and power 9, 10 . The single two-legged jump (S2LJ) coupled with mechanography is commonly used to assess muscle function in children and adolescents. It may also be regarded as a 'screening test' for anaerobic fitness hands-on-waist; the former leads to greater jump height due to increased lower extremity work output (e.g., increased torque in the hip joint during the latter half of the propulsion phase) 11 and greater variability in jump performance due to the positive influence of an upward arm swing 12 . The latter is less mechanically challenging, minimizing the influence of coordination on jump parameters in heterogeneous populations (i.e. mix of athletic and sedentary individuals) 13 and permits a better focus on muscle actions in the lower limbs 14 . Pediatric reference data are currently only available for the S2LJ with freely moving arms 7, 15 . Therefore, we sought to create a Canadian reference data set for the S2LJ for the static arm (hands-on-waist) protocol.
Methods

Participants
Our study cohort was comprised of participants in the University of British Columbia's Healthy Bones III study (n=397; 210 females, 187 males; ages 9-21 yrs) and the Centre for Hip Health and Mobility's (www.hiphealth.ca) Fracture and Risk-taking Behaviour Study (n=319; 129 females, 190 males; ages 9-15 yrs). Together these data comprise our Pediatric Bone and Physical Activity Database. Both cohorts are described in detail elsewhere 16, 17 . For the purpose of this analysis, data from the HBSIII cohort included a maximum of 4 annual measurements conducted between 2008 (first year of mechanography) and 2012. Data for the Fracture Study cohort included a maximum of 3 annual measurements conducted between 2010 and 2014. Across both cohorts the number of measurements was 3, on average (range: 1 to 4) and the average time between measurements was 1.0 (±0.2) years. Thus, our analysis included a total of 2017 observations across a maximum 6 years (Table 1) .
All participants were normally active and none were taking medications known to influence musculoskeletal health. Participants represented a variety of ethnicities, as per the ethnic diversity common to Metro Vancouver 18 . Based on parental report, 56% (n=401) of our cohort was white (both parents or 3 of 4 grandparents born in North America or Europe), 32% (n=226) were Asian (both parents or 3 of 4 grandparents born in Hong Kong, China, India, Philippines, Vietnam, Korea or Taiwan) and 12% (n=88) were of mixed or other ethnicities.
Parents or legal guardians and participants aged 18 years or older provided written informed consent and participants younger than 18 years of age provided written assent. The University of British Columbia Clinical Research Ethics Board approved all procedures (#H08-01846, #H15-01194).
Anthropometry
We measured standing height (stretch stature) to the nearest 0.1 cm with a wall-mounted digital stadiometer (Seca Model 242, Hanover, MD, USA), and body mass to the nearest 0.1kg with an electronic scale (Seca Model 840, Hanover, MD, USA). We used the mean of two measures for analysis.
We calculated body mass index (BMI) as mass (kg) divided by height squared (m 2 ).
Jumping mechanography
We used the Leonardo Mechanograph Ground Reaction Force Plate (GRFP; Novotec Medical GmbH, Germany) for mechanography; the protocol is described in detail elsewhere 9 . Briefly, the GRFP has two sections, which allows for simultaneous measurement of force (vertical component only) applied to right and left legs separately 10 . The sample rate is set to 800 Hz (800 measurements/second for each force sensor). We used the manufacturer's software (Leonardo Mechanography v4.3) to detect, store and calculate mechanography outcomes. Leonardo software uses force and time data to calculate velocity of the movement (metres/ second), power (Watts, W) and jump height (metres) using the approach as described by Cavagna 19 . All participants performed a single two-legged countermovement vertical jump on the GRFP with their hands held static at their waist and their feet hip width apart. The research assistant explained the jumping protocol to all participants in a standardized manner. Participants were asked to perform the countermovement jump after hearing the tone (from the computer). The research assistant instructed each participant to initiate a downwards movement and then immediately jump as high as possible using both legs. Participants were instructed to land with both feet on the platform (with each foot on the appropriate side of the middle line) and to remain still until after hearing the tone from the computer signaling the end of the trial. Each participant performed one practice jump and three trial jumps. We used the jump associated with maximum height for analysis.
A number of outcomes are provided by the manufacturer's software; however, the main outcomes of interest for the S2LJ are the peak power during lift off phase (P max , kW) and P max relative to body mass (P max /mass, W/kg). We also report F max normalized to body weight (body mass*force of gravity or max acceleration/g; F max /BW), as this variable is used to calculate force efficiency Efficiency=100*(EFI[%]/ (100*((F max /BW)/2,4g))). Finally, we report jump height (m), velocity (m/sec) and the percent differences in P max between right and left legs. We did not assess reproducibility of these measures in our laboratory. However, in a previous study of children aged 7-11 years for the S2LJ using freely moving arms, the coefficient of variation (%CV) ranged from 2.3% (V max ) to 13.1% (F max /BW) 10 . Another study of 19-35 year old adults using the S2LJ with static arms reported that CV% ranged from 0.1% (P max ) to 6.0% (Efficiency) 20 .
Statistical analysis
We used Stata, version 13 (StataCorp, College Station, TX) to generate z-scores for anthropometric outcomes (using the zanthro command; comparison with CDC reference data 21 ) and descriptive statistics, and to compare z-scores between our sample population and the reference cohort using onesample t-tests. To address our primary objective, we used the lambda, mu, sigma (LMS) method using LMS ChartMaker Light (Version 2. 22, 23 . Briefly, this method uses normal approximation after a Box-Cox transformation to describe the distribution of the mechanography parameters at a given age. The LMS method estimates measurement centiles in terms of three age-specific cubic spline curves by non-linear regression: the L curve (Box-Cox power to remove skewness), M curve (median) and S curve (coefficient of variation after transformation). We assessed goodness of fit by visually inspecting the centile curves relative to the raw data and comparing deviance statistics for varying equivalent degrees of freedom in order to obtain optimal L, M and S values. Finally, we compared mechanography outcomes between girls and boys at each age by fitting mixed effects models that included a random intercept and random slopes, allowing each individual's profile to vary around the mean. We included sex, ethnicity, and the interaction of sex and age as fixed effects in the model. In an additional model, we included the fixed effects of height using a person-mean-centered approach, such that the within-person (intra-individual) effect of height was represented by the deviation from the participant's mean value across years (i.e. height ti -height i ; where height ti is the bone parameter on measurement occasion t in the i th participant and height i is that participant's mean height across years), while the between-person (inter-individual) effect was represented by the participant's mean value across years, centered at a meaningful value for interpretation (i.e. height i -160). We calculated adjusted means and estimated sex and ethnic differences in bone parameters at each age using the margins command in Stata. We used a Bonferroni adjustment to account for multiple sex comparisons for each mechanography parameter and considered a p-value <0.0038 significant (initial p-value of 0.05 divided by 13 age-group comparisons).
Results
We provide descriptive characteristics for participants' first jumping mechanography measurement in Table 2 . Zscores for height, mass and BMI for our cohort were positive and significantly different from zero.
We present percentile distributions and L, M and S parameters in Tables 3-8 and age-and sex-specific summary statistics for mechanography outcomes in Table 9 . Individual Table 2 . Participant characteristics at first mechanography measurement. Values presented as mean ± standard deviation unless otherwise indicated.
Girls (n=338)
Boys ( . Statistically significant differences between the study group and the reference data are indicated as *p<0.05. Table 3 . Age-and sex-specific L, M and S parameters and percentile distribution for maximum power (P max ) generated during a single twolegged jump with hands-on-waist. The L parameter was 1.0 for girls across all ages. Table 7 . Age-and sex-specific L, M and S parameters and percentile distribution for maximum jump height (H max ) generated during a single two-legged jump with hands-on-waist. z scores for a given measurement (X) can be calculated according to the following formula:
P max (kW)
Scatter plots of individual values with lowess curves are provided in Figures 1 and 2 and age-and sex-specific reference curves for P max , P max /mass, F max /BW, Efficiency, H max and V max in Figures 3 and 4 .
Age-related trends in mechanography outcomes in girls and boys
In girls, the curve for P max indicated an increase with age (of approximately 158%) until age 19, followed by a plateau until age 21. In boys, P max demonstrated a steeper increase with age during adolescence (~380% increase from age 9 and 19) and continued to increase until age 21 (Figures 1a  & 3a) . In girls and boys, the difference in P max F max between the right and left legs was approximately 9%, and remained constant with age (data not shown). In girls, the trajectory for P max /mass was similar to that of P max (14% increase from age 9 to 17), although P max /mass declined slightly after age 17 (5% decrease from age 17 to 21) (Figures 1b & 3b) . In contrast, boys demonstrated a steep increase in P max /mass from age 9 and 17 (55%), and smaller gains thereafter.
In girls, F max /BW decreased with age (17% decrease from age 9 to 21). In boys this parameter remained fairly constant with age (3% decrease from age 9 to 21; Figures 1c & 3c) . In girls, Efficiency gradually decreased until approximately age 16 (10% decrease from age 9 to 16) and plateaued thereafter. In boys, Efficiency remained relatively stable through adolescence (2% decrease from age 9 to 16) with greater decreases thereafter (Figures 1d & 3d) .
In girls, V max increased until approximately age 18 (14% increase from age 9 to 18) and declined slightly thereafter. In boys, V max increased steeply during adolescence (42% increase from age 9 and 18) and smaller gains thereafter (Figures 2a & 4a) . In girls, H max showed a similar trend to V max , but with greater age-related gains during adolescence (27% from age 9 to 18). In boys, age-related gains in H max were similar to those observed for other mechanography outcomes (89% increase from age 9 to 18), with smaller gains thereafter (Figures 2b & 4b) .
Sex and ethnic differences in mechanography outcomes
With the exception of Efficiency, all mechanography outcomes were significantly greater in girls (range 6-20%) compared with boys at age 9 ( Table 9 ). F max /BW was also significantly greater in girls (4-5%) compared with boys at age 10 and 11. Boys demonstrated an advantage in muscle power compared with girls at age 12 (P max , P max /mass) that persisted into young adulthood (5-65%), whereas boys' advantage in F max /BW was not apparent until age 17 (4-10%). Boys demonstrated greater Efficiency from age 11 to 19 (5-9%), and greater jump velocity and maximum jump height compared with girls at age 12 and thereafter (6-45%).
The magnitude of sex differences persisted after adjustment for height, with the exception of absolute power and Efficiency. P max was similar between boys and girls until age 11 and greater in boys thereafter. Efficiency was greater in boys from age 11 to 18 years.
With the exception of P max , which was similar across ethnicities, all mechanography parameters (P max /mass, F max /BW, Ef- Figure 1 . Individual values and curves for the mean and 95% confidence interval for girls (on the left) and boys (on the right) by age for A) maximum peak power (P max ), B) peak power relative to body mass (P max /mass), C) peak force relative to body weight (F max /BW), and D) Efficiency during a single two-legged jump with hands-on-waist. ficiency, V max , and H max ) were 3-9% greater in Asian compared with white participants. After adjustment for height, all mechanography parameters (including P max ) were significantly greater in Asian compared with white participants by 4-10%.
Discussion
We present reference data for jumping mechanography outcomes in Canadian children, adolescents and young adults using the S2LJ with the static hands-on-waist protocol -as none existed previously. Our findings complement normative datasets for jumping mechanography using varying protocols in European children and youth 7, 9, 15, 24 . Jumping mechanography is an objective and reproducible measure of muscle function, and a good choice to assess muscle force and power across groups, including healthy children 2, 25, 26 and those with clinical needs 27, 28 , master athletes 29 and older adults 30 . Standard mechanography protocol for a S2LJ has participants performing the jump with freely moving arms. Compared with the hands-on-hip protocol we used, with an upward arm swing participants achieve greater jump height 20, 31, 32 and greater muscle power 20 , on average. We compared our jumping mechanography outcomes (static arms protocol) with reported values for a sample of 796 children and adolescents aged 9 to 18 years from the Czech Republic, who performed the S2LJ with freely moving arms 7 . In our sample, H max and P max were 13-19% and 17-20% lower, respectively, and these differences were systematic across all ages. Similarly, EFI z-score was approximately 9% lower in our sample, compared with the reference population (provided by the manufacturer of the Leonardo 15 ), with the S2LJ performed with freely moving arms; data not shown (EFI z-score= -0.68 for girls; -0.66 for boys, on average; data not shown).
Whereas the freely moving arms protocol has been more widely used and may be a more appropriate method to assess muscle function in some athlete groups where maximum jump height is the primary outcome of interest 33 , the static arm protocol may be a more reproducible method and more readily standardized for field-based measurement. Including an arm swing produces results that vary more with skill level 13, 34 and may lead to larger differences between sexes 35 . In addition, the biomechanical four-segment model (segment 1= shoulder to hip including arms, segment 2= hip to knee, segment 3= knee to ankle, segment 4= ankle to toe) produced with hands-on-hips eliminates all contribution of the arms to the outcome and permits a better focus on muscle actions in the lower limbs 14 . Thus, we envision that our reference data will be useful to clinicians and researchers as an alternative to the S2LJ protocol and may be more appropriate for use in heterogeneous populations with individuals of varying athletic ability.
In both sexes, mechanography values (except F max /BW) were lower for younger children as compared with those in early adolescence. However, the magnitude of the age-related difference across years in muscle power and force (unadjusted) and jump height was greater for boys, compared with girls. Further, girls reached a plateau earlier in adolescence compared with boys. These findings are consistent with girls approximately two years earlier maturity compared with boys, assessed using peak height velocity 36 . Further, a previous Canadian study using longitudinal data, demonstrated a close link between age-related gains in muscle function during growth and increased height (which peaked approximately 5 months before the peak in muscle mass accrual) 37 and peak bone mass which occurred approximately 5 months after peak muscle mass accrual. Finally, androgens play a key role in muscle mass accrual; specifically, higher testosterone levels in boys during puberty generate much greater gains in muscle mass and function compared with girls 38 .
The magnitude of the difference in muscle function between boys and girls varied across chronological age. Boys' advantage in P max and P max /mass was evident at age 12. The timing for peak values in our sample of boys is one to two years earlier than observed in previous studies 7, 39, 40 . This may reflect the ethnic diversity of our cohort (32% were Asian). To this point, we previously reported that Asian boys and girls mature earlier compared with their white peers 16 ; and in the current study Asian participants demonstrated greater values for some mechanography parameters compared with their white peers.
It is important to note that although comparisons between Figure 3 . Smoothed percentile graphs for girls (on the left) and boys (on the right) by age for A) maximum peak power (P max ), B) peak power relative to body mass (P max /mass), C) peak force relative to body weight (F max /BW), and D) Efficiency during a single two-legged jump with hands-on-waist. girls and boys based on chronological age is common, especially in clinical practice, we view this as a limitation. Given the well-documented sex differences in the tempo and timing of maturity 36 and the influence of maturation on muscle development 38 , all studies would benefit from comparing girls and boys aligned on a common maturational landmark, such as age at peak height velocity. This approach was adopted for and longitudinal studies of bone and muscle development 37, 41 , but has not yet been utilized in pediatric jumping mechanography studies.
Relative to body weight, F max remained relatively constant in boys across ages, similar to previous observations for F max /BW during multiple one-legged hopping 7, 24 and the S2LJ 15 . However, in girls, F max /BW declined with age. This difference may reflect different protocols; that is hands-on-waist versus hands free and S2LJ versus multiple one-legged hopping. Multiple one-legged hopping produces greater peak force and continues to increase in later adolescence (approximately 5% between 16 and 18 years) 7 . In our cohort, F max remained constant from age 16 onwards (data not shown). In contrast we noted an 11% difference in body mass between girls at age 9 (56 kg, on average) compared with young women at age 21 (63 kg, on average). Therefore, F max relative to body weight (mass * gravity) decreased slightly as the ratio of Force:Mass declined.
Boys' advantage in Efficiency was evident from age 11 to 19 years. From the perspective of human locomotion, the most efficient movement is that which achieves a given power with the smallest force 20 . Thus, compared with sameaged girls, boys use less force to achieve the same power output. The Efficiency parameter was recently introduced by the manufacturer, and was not reported in previous reference data sets for mechanography outcomes. Thus, we are unable to compare Efficiency values in our cohort to those in other studies. However, Efficiency values in our study fluctuated around 100% of those from the manufacturer's reference group, indicating similarities between our sample and the reference population.
Vertical jump height and velocity also increased with age in both sexes; greater jumping performance was evident in boys at age 12. This is similar to previous studies that used the hands-on-waist protocol 42, 43 . Temfemo et al. 42 reported jump height during a countermovement jump as similar between girls and boys until age 12. After age 12 they explained the higher jump heights for boys by an increase in the percentage of fast twitch muscle fibres. Also, boys at age 14 had significantly greater leg length and muscle volume that also contributed to greater jump performance, compared with girls.
We note that our study has a number of limitations. First, our cohort is a convenience sample of boys and girls. Therefore, we can not say that it is represents a larger population of Canadian boys and girls, nor that recruitment, based on self selection into the study, was free from selection bias. Our sample was taller and weighed more than the 2000 reference population of U.S. children and youth. The ethnic diversity of , may also partially explain this difference. Second, performance during the S2LJ test is influenced by muscle power, coordination, balance and jumping technique 10 . Precision data are not currently available for the S2LJ with hands-on-hips for children. Further, motor coordination likely depends on level of physical activity 44 , which also differs between girls and boys in childhood and adolescence 45 . Future studies might examine how sex differences in mechanography outcomes are influenced by these and other factors.
In conclusion, the hands-on-waist protocol for jumping mechanography may be an attractive field test option to examine muscle strength and power in children, adolescents and young adults. The sex-and age-specific data we provide for healthy Canadian children and youth may prove a useful reference for clinicians and researchers.
